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A study of the aging behavior of low-power germanium alloy switching transistors has revealed 
a relationship between small changes in junction leakage current, induced by a brief aging stress, and 
later deterioration in performance. This relationship may provide the basis for a nondestructive 
screening procedure which would serve to identify germanium alloy transistors likely to deteriorate 
through excessive growth of junction leakage current. The proposed screening procedure involves 
the determination of relatively small changes in junction leakage current, increases of the order of 
15 percent or more, associated with 1,000 hours of aging at a shelf (bake) stress of 100 °C. Because 
the leakage current changes of interest are small, relatively high demands are placed upon measure- 
ment repeatability. There is evidence that transistors bearing identical type numbers but of different 
manufacture respond differently to the same screening procedures and would therefore require dif- 
ferent screening limits. 

Key Words: Aging behavior, alloy transistors, failure prediction, leakage current, screening pro- 
cedures, temperature stress, transistor, transistor failure, transistor screening. 



1. Summary 

The data from a 20,000-hr transistor aging behavior 
study indicate that small changes in junction leakage 
current, induced by baking, provide a means for iden- 
tification of units likely to deteriorate through growth 
of leakage current. A subsequent independent ex- 
periment, which included transistors of different manu- 
facture, provided further evidence that this behavior 
may be generally characteristic of germanium alloy 
transistors. The second experiment also examined 
the effects of more stringent screening stresses. 

2. Introduction 

Studies of aging behavior of transistors are never 
free from many of the confounding effects which tend 
to degrade measurement repeatability. The data 
from recent experiments indicate that, generally, 
junction leakage current tends to decrease during 
early stages of aging. As aging continues, or as aging 
stresses are increased, the downward trend ultimately 
reverses. For some transistors, junction leakage 
currents were observed to increase from the outset. 
Those units exhibiting the largest increase formed a 
group which contained all (or nearly all, depending 
upon performance criteria) of the transistors which 
deteriorated more rapidly as aging continued. It 
appears that for these transistors, early increases in 
leakage current are a manifestation of a continuous 
process during which leakage current continues to 
increase, leading eventually to "failure." Since leak- 
age-current degradation is not uncommon, careful 
observation of early changes in leakage current shows 
promise as a basis for a practical means of screening 
transistors to further improve transistor reliability. 



The fractional changes in leakage current of interest 
are relatively small, and therefore all sources of 
variability in the measurement process are of concern. 
The inherent behavior of the device itself is one such 
source, and in some instances is the major source 
of variability. The measurement of transistor param- 
eter values is not only dependent upon bias conditions 
and ambient temperature, but also upon the time dura- 
tion of the measurement and upon the bias and 
temperature histories resulting from prior measure- 
ment and aging stresses. For example, voltage 
breakdown measurements using current-limited values 
even as low as 10 /xA have been observed to commonly 
cause marked disturbances in the leakage current 
values, requiring several weeks for the effects to sub- 
side. Voltage breakdown measurements should be 
avoided wherever sensitive leakage current measure- 
ments are being made. As another example, the 
transfer of a transistor from an aging to a testing 
environment is accompanied by a shift in parameter 
values which usually requires several days to approach 
a new center value. This stabilization effect ! appears 
repeatable for a given transistor but is not consistent 
among transistors. The above mentioned disturbances 
cannot, in general, be eliminated, but their effects 
may be substantially reduced by careful choice of 
operating procedures and test methods. 

Similarly, the instability of measurement equipment, 
especially long-term drift, as well as variation in am- 
bient temperature during measurement, introduces 
errors which cloud the meaningfulness of aging be- 
havior data. 

The National Bureau of Standards in cooperation 
with the Department of the Navy is conducting 



1 Zierdt, C. H.. Jr., On importance of operating tests as 
transistors, The Solid State Journal 2, No. 9, 21-27 (1961). 
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transistor aging studies in which every reasonable 
effort is being applied towards minimization of un- 
wanted variability in the aging data through careful 
instrumentation, selection of test methods and pro- 
cedures, and design of experiments. A key feature 
of the instrumentation for measurement of d-c param- 
eters, for example, is close ambient-temperature 
control. The transistors are immersed in a "con- 
stant-temperature" recirculating air stream. The 
air stream temperature is centered at 25 °C and fluc- 
tuations are regulated within ±0.01 °C. Further 
precautions include replication of measurements 
coupled with computer analyses programmed to detect 
and identify questionable agreement between repli- 
cations. This enables us to repeat questionable 
measurements, if necessary. 

These and other precautions have helped to main- 
tain a high level of equipment performance and 
measurement repeatability. A case in point is the 
record of temperature-sensitive leakage current 
measurements accumulated during the course of a 
three-year aging study wherein each of 10 "control" 
transistors was measured a total of over 3,000 times. 
Among these measurements are four sets of junction 
leakage current measurements, each set consisting 
of 300 recordings. These recordings were found to 
have gradually decreased approximately IV2 to 2 
percent during the 3-year period. The major part of 
this decrease is traceable to creep of 0.08 °C in the cali- 
bration point of a thermometer due to stabilization 
of the glass bulb. Corrections for the gradual change 
in ambient temperature between each measurement 
period resulted in an estimated coefficient of variation 
of less than 1 percent. This performance record is 
consistent throughout the data and demonstrates 
the stability of the transistor-measurement system 
combination and serves as a measure of confidence 
which may be placed in the transistor aging data dis- 
cussed in this paper. 

3. First Experiment 

The first of two experiments described in this paper 
provided a survey of the behavior of approximately 
500 type 2N396 germanium alloy transistors in re- 
sponse to a wide range of aging stresses. The second 
experiment used approximately 100 transistors to 
explore more fully behavior in the 100 to 125 °C region 
and to introduce different types and manufacture of 
germanium alloy transistors into the study. All 
transistors had met stringent military requirements 
and were considered "high reliability" units. 

A full reporting of the first experiment, in which 
over V4 million measurements have been recorded, 
would be prohibitively lengthy. A brief description 
of the entire experiment, however, is given in the 
appendix. Attention is focused on that part of the 
experiment involving the four groups of transistors 
which were subjected to four different combinations 
of aging. Each combination was calculated to produce 
a junction temperature of 100 °C (identified as aging 
conditions 13, 14, 15, and 18 in table 3). This tem- 



perature lies roughly in the center of the aging-stress 
spectrum for the total experiment. 

The 100 °C aging conditions are of particular interest 
because the small but significant changes in leakage 
current, occurring within the first 1,000 hr of aging, 
take on meaningful significance when compared with 
later aging behavior. 

The aging conditions at 55 °C and below produced 
too little deterioration in 20,000 hr of aging to be of 
much value in testing relationships between early 
change and aging. Comparison of results for the 
different aging temperatures, however, were not in- 
consistent with the expectation that failure rates (and 
chemical activity) double for each approximately 10 °C 
increase in junction temperature. The volume of data 
from the lower stress conditions, 55 °C and below, pro- 
vided assurance that the measurement system, as well 
as the transistors, was quite stable and factors affecting 
repeatability were in close control. 

The aging conditions at 145 °C and above, on the 
other hand, caused relatively rapid deterioration, and 
in a few cases, total destruction occurred prior to the 
first measurement period, i.e., during the first 340 
hr of aging. Further aging showed conclusively that 
the failure rates were too high to expect the data for 
these conditions to shed much light on the meaningful- 
ness of small early changes. 

For the reasons given above, the remainder of the 
discussion of the first experiment will be devoted to 
the behavior of the four groups consisting of 160 tran- 
sistors aged with the junction temperature maintained 
at 100 °C for a total of 20,000 hr. 

4. Data 

Each of the four groups of 40 transistors was sub- 
jected to a different combination of ambient tempera- 
ture and applied bias power. The four aging conditions 
are identified in table 3 of the appendix. Three of 
the conditions were essentially shelf aging at an 
ambient temperature of 100 °C; condition number 13 
provided no bias power, condition 15 included^ a 
nominal 3 mW of power dissipation, and condition 18 
subjected the collector-to-base junction to a reverse 
bias voltage stress of — 24 V. The fourth aging con- 
dition provided a combination of 70 °C ambient tem- 
perature and 120 mW of power dissipation which was 
the power required to raise the junction temperature 
to an estimated 100 °C. 

The general effect of the four 100 °C aging condi- 
tions was to cause only a very small and gradual in- 
crease in the dispersion of the electrical parameters 
with no perceptible trend in the modal values. For 
those transistors which eventually exhibited substan- 
tial degradation, the changes were mainly gradual and 
thus presented the problem as to when performance 
should be judged "unsatisfactory." Since no par- 
ticular circuit applications with associated perform- 
ance limits were involved, the basis for such a decision w 
is necessarily arbitrary. The criteria selected are 
similar to those appearing in the specification for the 
environmental acceptance tests, IEBO (— 10 V) or 
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ICBO (- 10 V) greater than 10 /xA or hFE (10 mA, 
— 5 V) less than 20. Using these criteria, the per- 
formance of a total of 10 transistors became "unsat- 
isfactory" during the 20,000 hr of aging at 100 °C. 
(The total elapsed time of the experiment, including 
the measurement periods, exceeds 3 years.) 

The records of behavior of these 10 transistors have 
been scrutinized and a summary is given in table 1. 
On the left, the individual transistors are identified 
along with their respective aging conditions. The 



code numbers for the aging conditions are fully de- 
scribed in table 3 of the appendix. "Unsatisfactory" 
transistors appeared in all four conditions, and dif- 
ferences in the number of "unsatisfactory" units 
corresponding to each condition are not sufficiently 
large to be considered significant. For these reasons, 
and for the lack of any other substantial differences 
in observed transistor behavior between the four aging 
conditions, it was decided to combine the data for the 
subsequent analyses. 
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Returning to table 1, the initial or 0-hr IEBO ( — 10 
V) and ICBO (— 10 V) values listed on the left were ob- 
tained before application of the aging stresses. The 
distribution of these values is not perceptibly different 
from that of the larger group of "satisfactory" tran- 
sistors. Even the single maximum value listed would 
have been ineffective for screening, because at least 
10 "satisfactory" transistors had larger values. We 
conclude therefore that these 0-hr values provide no 
effective means for identification of the "unsatis- 
factory" transistors. 

Variability of the parameter values during measure- 
ment was another property of interest. A few of the 
0-hr measurements in table 1 bear superscripts in- 
dicating that these measurements were classified as 
variable on the basis that the automatic digital volt- 
meter, which has a 2- to 3-sec conversion time, would 

I not balance within 50 sec. This variability test was 
applied uniformly to all transistors throughout the 
experiment. There is no evidence that 0-hr measure- 
ment variability is uniquely related to deterioration. 
Over an extended period of aging, however, the time- 
series measurements indicated that consistently 

^variable units exhibited more pronounced deteriora- 
tion. The association was not so close (nor the 
technique amenable) as to favor the use of this cri- 
terion to screen potential failures. 



In contrast to the ineffectiveness of the 0-hr leakage 
current measurements, changes in the value of junction 
leakage current observable within the first 1,000 hr 
of accelerated aging appear promising as a screening 
index. None of the other parameters in the experi- 
ment, measured or computed as listed in the appendix, 
appears to be as useful. For this reason the remainder 
of table 1 provides only for comparison between frac- 
tional changes in junction leakage current measure- 
ments and deterioration. Ratio values greater than 
unity indicate an increase in leakage current with 
time. 

The ratio values given are the ratio of the 340-hr 
measurement divided by the 0-hr measurement, and 
the ratio of the 1,000-hr measurement divided by the 
0-hr measurement. In each instance the ratio in- 
dicates the fractional change in junction leakage 
current; either the IEBO or ICBO change is listed, 
whichever is the larger. By thus combining the larger 
change into one table, a closer relationship between 
early fractional changes and deterioration in either 
junction is more apparent than if IEBO or ICBO were 
treated separately. 

Although table 1 does not indicate which junction 
current is associated with the larger ratio value listed, 
the data reveal that with one exception, the junction 
associated with the larger ratio value was also the 
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junction which deteriorated and led to "unsatisfac- 
tory" performance. The one exception was transistor 
0-1040, where "unsatisfactory" was indicated by 
hFE* becoming less than 20, first observed after 3.4 
khr of aging. In the very next measurement period 
(4.7 khr), the ICBO value exceeded 10 /xA, and it was 
the collector junction which exhibited the larger ratio 
value. The consistent correspondence between 
early changes and deterioration in the same junction 
argues for the existence of a determinative relationship. 



5. Character of Deterioration in 
Performance 

The "Hours of Aging" in table 1 indicate when the 
transistor was first observed not to have met perform- 
ance criteria, and was thereby adjudged "unsatisfac- 
tory." In each instance there was an increase in 
leakage current. The nature of these increases 
suggested the three categories listed under "Character 
of Deterioration." Avalanche conduction was ascribed 
to two transistors which exhibited a several-fold in- 
crease in (emitter) junction leakage current at 10 V 
with essentially no associated increase at 2 V. Con- 
duction by current multiplication was clearly present. 
The second, and most common form of deterioration, 
was a gradual increase in leakage current for both bias 
levels. Six transistors displayed this type of deteriora- 
tion. For each measurement period the estimated 
intrinsic saturation current, which was found by 
extrapolation of the current versus voltage curve to 
estimate the saturation current at V, remained rela- 
tively constant, thus indicating the presence of a 
linear (ohmic) relationship between bias voltage and 
observed leakage current. The third characteristic 
of deterioration, designated "other," applies to two 
transistors which became catastrophic failures. The 
first of these two transistors, number 0-1050, de- 
veloped a collector-to-base and collector-to-emitter 
"short," which was apparently caused by a fractured 
wafer found by optical examination. The presence of 
the overt fault was observed after this transistor, as 
well as all other transistors under study, was re- 
mounted and soldered to a new type of high-tempera- 
ture plug. The implied causal relationship, damage 
by remounting, is not so clear-cut as it might appear 
in light of the following considerations. First, the 
soldering and handling techniques had been checked 
in a preliminary experiment in which the effects of 
the same soldering techniques were found to produce 
no significant change (less than 1 percent) in leakage 
current. All transistors were monitored before and 
after remounting, and only 0—1050 showed a change. 
Second, earlier behavior of 0—1050 was suspect. The 
initial 2-V ICBO value was 12 jizA, and the 10-V value 
was, oddly, only 3 jjlA. Both measurements were 
variable. Replicate ICBO measurements made later 
in the same day were also variable, but were near 
1 /xA. The initial higher values did not repeat. 
Measurements of hFE were variable and large. They 
became normal after 340 hr of aging. In fact, from the 



340-hr measurement period until the time it was with- 
drawn from the experiment at 14 khr, transistor 
0-1050 was one of the best-behaved units in its aging 
condition. The above observation would lead one to 
suspect the wafer was cracked in the beginning. 
Such a suspicion is not unreasonable, in view of the 
fact that six of the original 500 transistors received 
for this experiment were found to have fractured 
wafers. 

The second transistor, 8-1046, exhibited an abrupt 
increase in emitter leakage current between 14 and 
20 khr of aging, with no prior indication of impending 
deterioration. The resulting voltage-current relation- 
ship had the character of ohmic conduction (~10 
kfl), but differing from the six other transistors clas- 
sified as having ohmic leakage in that the change 
appeared as an abrupt steplike increase. Unfor- 
tunately, in removing the case for optical examination, 
the transistor was damaged. 

With the exceptions of transistors 0-1050 and 
8-1046, which had previously had their cases removed, 
the "unsatisfactory" transistors were subjected to 
125 °C mineral-oil gross-leak detection test and a 
helium fine-leak detection test. Only transistor 1— 
1070 was found to leak, and at a rate of approximately 
200 X10- 8 std. cm 3 /s. (He). 



6. Changes in Leakage Current Related to 
Deterioration 

Table 1 lists the values relating early fractional 
changes in junction leakage current to deterioration 
which led to "unsatisfactory" performance. It is of 
interest to note that the two transistors which ex- 
hibited the largest early fractional changes were the 
only two which later developed avalanche conduction. 
The large fractional change in leakage current oc- 
curred within the first 340 hr of aging. 

The significance of the relationships between frac- 
tional changes and deterioration is more fully revealed 
in figures 1, 2, and 3. Figure 1 relates aging behavior 
to the fractional increase in junction leakage current 
associated with the first 340 hr of the aging stress. 
Both junction currents were measured, but only the 
larger of the two fractional changes was plotted. 
The distribution of the ratio values for the entire 160 
transistors is shown by the major histogram. The 
smaller receding histograms show cumulatively the 
ratio values for those transistors which had become 
"unsatisfactory" by the time indicated. The cross- 
hatch shows when a transistor was first observed to be 
"unsatisfactory." 

Similarly, figure 2 relates the change produced by 
the first 1,000 hr of aging to later behavior. A com- 
parison of the two figures shows that, in general, the 
1,000-hr ratio values of the "unsatisfactory" units 
fall more consistently in the upper range of the ratio 
distribution than do the 340-hr ratio values. In figure 
2, the correspondence between relatively high ratio 
values and deterioration is clearly more pronounced 
for those units which deteriorated more rapidly, as 
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Figure 1. 



Histogram of ratio values showing change in IEBO 
ICBO after 340 hr of aging 



Figure 3. Histogram of ratio values showing change in IEBO or 
ICBO between 340 and 1,000 hr of aging. 
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FIGURE 2. Histogram of ratio values showing change in IEBO or 
ICBO after 1,000 hr of aging. 



shown by the histograms through 8.7 khr. The rela- 
tionship becomes more tenuous for those units which 
last longer, as indicated by the histogram distributions 
spreading down scale with increasing time. 



Figure 3 relates the change observed between 340 
and 1,000 hr of aging to later behavior, thereby ex- 
cluding the more pronounced effects associated with 
the first several hundred hours of aging. The distribu- 
tion of values was so much more compact that the class 
interval of figure 3 was reduced to roughly one-third 
that used in figures 1 and 2 in order to obtain a reason- 
able representation of the distribution. 

The relationships in figures 1 through 3 suggest 
means for the identification of transistors likely to 
deteriorate. These data are based on 100 °C stress 
for screening as well as for subsequent aging. It 
should be borne in mind that this stress is higher than 
that which would normally be encountered in appli- 
cations. A convenient and reasonable approximation 
may be made of expected aging performance by assum- 
ing that the rate of deterioration doubles for every 10 
°C increase in junction temperature. 2 For example, 
the rate of deterioration at 55 °C may be conservatively 
estimated to be Vio that at 100 °C. Figures in this 
report, therefore, may serve to roughly approximate 
aging under more normal conditions (say 55 °C) by 
multiplying the time scale (associated with 100 °C 
aging conditions) by 10. Reexamining figure 2 with 
the expanded time scale in mind indicates that the 



2 Peck, D.S., Semiconductor Reliability Predictions from Life Distribution Data, ch. 5 
of Semiconductor Reliability, edited by Shwop, J. E. and Sullivan, H. J. (Reinhold Pub. 
Corp., New York, 1961). 
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first three "unsatisfactory" units might have caused 
trouble in an application by not providing "satis- 
factory" service for at least 1 or 2 years. On the other 
hand, the remainder of the transistors would have 
become "unsatisfactory" only after a period of service 
in excess of 10 years. The fact that the first three 
"unsatisfactory" transistors have unusually large 
ratio values strengthens the expectation that the rela- 
tionship between ratio values and later preformance 
may serve as the basis for a practical screening test 
to detect transistors likely to exhibit junction leakage 
current deterioration. 

Since the suggested screening procedures stem 
from an a posteriori examination of all the data, no 
significant tests of the effectiveness of these pro- 
cedures can be made using these same data. A 
second, smaller experiment described later in this 
paper provides a set of independent data which is 
used for this purpose. However, in order to demon- 
strate the observed relationships of the first experi- 
ment in a screening test context, an example of a 
screening analysis is presented. 

7. A Screening Example 

The ideal screening test serves a dual goal; one is 
to reject all units which would, in (act. fail to meet 
ensuing operational requirements for at least a speci- 
fied period of time, and the other goal is to not reject 
any units which would meet such requirements. Fail- 
ure to achieve the former goal through the erroneous 
acceptance and use of faulty units would lead to unre- 



liable performance. Because this is of obvious and 
immediate concern to the consumer, this type of error 
is usually associated with a consumer's risk. On 
the other hand, failure to achieve the latter goal 
through the erroneous rejection of satisfactory units 
would directly penalize the producer of such units. 
This type of error is therefore associated with a pro- 
ducer's risk. It is evident that one or the other of 
these errors can be made as small as is desirable at 
the expense of increasing the other. A graphic view 
of the interplay between these two errors for various 
choices of performance time requirements and screen- 
ing criteria is presented in figures 4, 5, and 6. The 
information was derived from figures 1, 2, and 3, 
respectively. The three groups of histograms in each 
figure illustrate the effects of choices of screening 
limits by application of three different magnitudes of 
fractional change upon which to base the decision to 
reject or accept individual transistors. The indicated 
sets of limits are arbitrary and were chosen so as to 
provide a reasonable basis for discussion. 

Each bar in figures 4. 5, and 6 is a complete analysis 
in itself, relating screening results with aging perform- 
ance. The screening test identifies those transistors 
to be rejected. The number of rejected units is indi- 
cated by the height of the bar above the axis. Super- 
imposed on the bar is the aging performance record 
whereby the individual transistors are classified as 
"unsatisfactory" if they fail to meet the end-of-life 
requirements within the time period indicated on the 
abscissae. For example, the second bar from the left 
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in figure 4 indicates that after 340 hr of aging the 
junction leakage current (IEBO or ICBO) increased 
15 percent or more in 31 of the transistors out of the 
total of 160. Two transistors out of the 160 were 
"unsatisfactory" after 2 khr of aging at 100 °C, one of 
which was within the group of 31 rejects and is repre- 
sented by the black portion of the column. The second 
"unsatisfactory" transistor was not among the rejected 
groups and is represented by a dotted column extend- 
ing below the axis. There remains, of course, the 
total number (128) of "satisfactory" units accepted 
correctly. The column in our example with the three 
area distinctions thus indicates: 

1. By the height of the bar over the axis, the num- 
ber (31) of transistors rejected; 

2. by the white area, the number (30) of "satis- 
factory" units rejected in error, which is related to 
the "producer's risk"; 

3. by the black area, the number (1) of "unsatis- 
factory units rejected correctly; 

4. by the dotted area, the number (1) of "unsatis- 
factory" units accepted in error, which is related to the 
"consumer's risk." 

It is important to recognize that the time scales of 
figures 4, 5, and 6 refer to performance at 100 °C, a 
temperature which can be expected to produce more 
rapid aging than those ordinarily encountered in normal 
usage. Aging corresponding to a junction tempera- 
ture of 55 °C would be more realistic and may be con- 
servatively estimated by multiplying the time scale 
by a factor of ten. The basis for this procedure was 
discussed in the previous section. 

A comparison of figures 4, 5, and 6 sets figure 4 
apart by the relatively larger number of "unsatis- 
factory" units accepted (associated with "consumer's 
risk"), even though the corresponding errors associated 
with "producer's risk" are roughly comparable. It 
appears that a substantial reduction in the risk to the 
consumer is gained (without unduly increasing risk 
to the producer) by extending the screening stress to 
1,000 hr rather than terminating at 340 hr. 

There are several distinctions which should be noted 
between figures 5 and 6. The difference in screening 
results between the 5 percent steps of figure 6, despite 
the smaller increments, is more pronounced than that 
between the 15 percent steps of figure 5. This may 
have been expected because 340- to 1,000-hr ratio 
values of figure 6 form a more compact distribution 
(shown in figure 3) than the values for figure 5 (shown 
in figure 2). The effective use of the information in 
figure 6 requires a finer measurement distinction. 
The need for finer distinctions is obviously undesirable; 
as the necessary resolution approaches the magnitude 
of measurement error, the effectiveness of fine dis- 
tinctions evaporates. Stated in other words, one of 
the desirable qualities of a screening parameter is 
that it have a broad distribution, and one of the essen- 
tial qualities is that its dispersion be large relative to 
measurement error. For these reasons the criteria 
represented in figure 5 are favored. An additional 
desirable quality is the apparent lack of sensitivity of 
screening results to the choice of the ratio change, 
whether it be 30 or 60 percent. 



On the basis of the factors discussed above, it was 
decided to eliminate the 340-hr measurement period 
and use only the observed relative change after being 
subjected to an accelerated aging stress for 1,000 
hr, as illustrated in figure 5. 



8. Second Experiment 

The value of the screening concept discussed in this 
report depends, to a large extent, upon the relation of 
early-changes versus deterioration being a general 
behavioral characteristic, a characteristic which other 
types of transistors and transistors of different manu- 
facture have in common. The completion of a modest 
second experiment tends to confirm that the relation- 
ship does exist for other types and manufacture of 
germanium alloy transistors. 

As a sequel to the first experiment, a second was 
initiated, wherein approximately 125 °C junction 
temperature screening stress was applied for 1,000 hr 
and then reduced to 100 °C for continued aging. The 
parameters measured were identical, and the form of 
the data was similar to that of the first experiment. 
It was, therefore, a simple matter to apply the screen- 
ing criteria to the data without foreknowledge of the 
actual performance. For this reason, and the fact 
that the data of the second experiment are independent 
of those used (in the first experiment) in development 
of the screening test, the second experiment provides 
a valid basis for evaluation of the effectiveness of the 
screening procedure. 

The second experiment consisted of applying a 
screening test and then aging all units for nearly one 
year. The experiment included a group of 40 type 
R212 transistors of manufacture B, 40 of manufacture 
C, and 40 type 2N396 transistors of manufacture E. 
The 2N396 units are the same type and manufacture 
as those used in the first experiment. Furthermore, 
an effort was made to compare results of two different 
forms of screening stress. Half the transistors were 
exposed to a 1,000-hr bake screening stress of 125 °C 
with no applied power. The remaining half of the 
transistors were exposed to a contrasting screening 
stress having a low ambient temperature combined 
with a high power dissipation calculated to produce 
the same 125 °C junction temperature. The latter 
stress was obtained with an ambient temperature of 
— 65 °C (which is a commonly accepted temperature 
test point) combined with the calculated bias power 
of 760 mW. 

The calculations were based on measured values of 
thermal resistance. The thermal resistance of the 
units of manufacture B was somewhat higher than that 
of the other two groups. It was decided, since ratings 
were similar, to apply the same bias power for all 
three groups, even though the estimated rise in 
junction temperature would be approximately 5 percent 
greater for the units of manufacture B. This later 
proved to be a crucial decision resulting in rapid 
deterioration of units of manufacture B. 

After completion of the two screening tests, the two 
groups were again subdivided, half of each group being 
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subjected to 6,000 hr of 100 °C shelf aging and the 
remaining half subjected similarly to power aging. 
The estimated 100 °C junction temperature for power 
aging was obtained with the combination of 70 °C 
ambient temperature and 120 mW of bias power (con- 
dition 14 in table 3). 

Figure 7 summarizes the results of the 125 °C bake 
stress screening test. Similarly, figure 8 summarizes 
the results of the power stress screening test. The 
criterion for "satisfactory" performance was that 1EBO 
and ICBO at 10 V must be no greater than 5 /jlA, as 
called for in the procurement specification for R212 
transistors. Referring to the histograms, which show 
the distribution of fractional changes in junction leak- 
age (IEBO or ICBO, whichever is the larger) induced 
by the screening stress, in figure 7 the pronounced 
mode lies below 1.0 and contrasts sharply with the 
bimodal distribution in figure 8, where both modes 
lie above 1.0. This indicates that the 125 °C shelf 
stress produced a reasonably uniform decrease in 
leakage current for all three manufacturers' tran- 
sistors, whereas the nominal 125 °C power stress pro- 
duced nonuniform increases in leakage current. The 
nonuniformity was due mainly to the R212 transistors 
of manufacture B exhibiting substantial deterioration; 
the leakage current increased in value to the extent 
that it exceeded 5 /jlA in 7 out of 20 transistors. Since 
these seven units no longer met the criterion for "satis- 
factory" performance, they were removed from the 
experiment. It is likely that the deterioration of these 
units was caused by excessively high junction tempera- 
ture. As was mentioned earlier, the thermal resist- 
ance of the transistors of manufacture B was somewhat 
higher than that of the others and was calculated to 
produce a junction temperature more nearly 135 °C 
than the estimated 125 °C of the others. In sharp 
contrast to the above described deterioration under 
the power screening stress, the transistors of manu- 
facture B exhibited the least degradation during the 
125 °C shelf screening stress or the prolonged 100 °C 
shelf or power aging stress. The collective results 
of this experiment indicate that the effects of the 
power screening stress used was critically sensitive 
to the difference in thermal resistance and could have 
led to erroneous conclusions regarding the relative 
merits of the units of manufacture B. These results 
illustrate the possible hazards of applying uniformly, 
to a given type of transistor, excessive power as a 
means for screening or accelerating aging effects. 

Referring again to figures 7 and 8, the relationship 
between fractional changes in leakage current and 
subsequent aging is shown for aging periods extending 
from 2,000 to 7,000 hr, as was done in a similar fashion 
in figures 1, 2, and 3. Although two aging conditions 
were used, a 100 °C bake stress and a 100 °C junction 
temperature obtained with applied power, the limited 
volume of data indicated no significant difference in 
aging behavior and, therefore, data from the two con- 
ditions were combined. The effectiveness of the 
screening process is illustrated in the two boxes in 
the upper portions of figures 7 and 8. The screening 
criterion of 1.6 ratio or greater, in the upper box, was 



80 



GO 

cr 
o 



cr 



o 
cr 



60 TRANSISTORS AGED 7K HOURS 
(30 UNITS IOO°C SHELF AND 30 UNITS I00°C POWER) 



SCREENING 
LIMIT : 
REJECT IF 
RATIO > 1.6 



SCREENING 
LIMIT: 
REJECT IF 
RATIO • 2? 





Ml ,IAi I0IO 


UNSATISFACTORY 




ACCEPT 


54 


1 


55 


REJECT 


1 


3 


4 




55 


4 


59* 






SATISFACTORY 


UNSATISFACTORY 




ACCEPT 


55 


1 


56 


REJECT 





3 


3 




55 


4 


59* 



'I UNIT OF MFG. X'WHICH FAILED DURING SCREENING TEST 



y^W^^ / " 



^r 



A.1?* 









-$8*** 



1.0 1.3 1.6 1.9 11 

HISTOGRAM OF RATIO VALUES SHOWING CHANGE IN 
IEBO OR ICBO AFTER 1,000 HOURS OF SHELF AGING 
AT 125° C. 

Figure 7. Analysis of 125 °C screening test (shelf). 



CO 

cr 

O 

\— 

CO 
CO 

cr 



cr 

LU 
CQ 



60 TRANSISTORS AGED U HOURS 
(30 UNITS IO0°C SHELF AND 30 UNITS I00°C POWER! 



SCREENING 
LIMIT: 
REJECT IF 
RATIO 



1.6 



SCREENING 
LIMIT: 

REJECT IF 
RATIO 



2 2 





SATISFACTORY 


UNSATISFACTORY 




ACCEPT 


36 


1 


37 


REJECT 


15 


1 


16 




51 


2 


53* 






SATISFACTORY 


UNSATISFACTORY 




ACCEPT 


51 


1 


52 


REJECT 


O 


1 


1 




51 


2 


53* 



*? UNITS OF MFG. "B" WHICH FAILED DURING SCREENING TEST 
ARE EXCLUDED. 



^ 



icr 






E}<_ 



4=r 



1.0 1.3 1.6 1.9 2.2 






5^ 



HISTOGRAM OF RATIO VALUES SHOWING CHANGE IN 1EB0 
OR ICBO AFTER 1,000 HOURS OF POWER AGING AT ESTI- 
MATED 125° JUNCTION TEMPERATURE. 

Figure 8. Analysis of 125 °C screening test (power). 



327 



chosen because it is the largest of those used in the 
first experiment, and therefore allows comparison of 
the results. Since the screening stress was larger 
(125 °C), a second analysis was made using a larger 
value as a screening criterion. The second value, 
2.2, was the largest one available without reprocessing 
the data and, fortunately, appears to be a reasonable 
choice. 

The footnote under the boxes of figure 7 indicates 
that one unit of manufacture C failed, i.e., became 
"unsatisfactory," during the shelf screening test. 
Although such a failure may offhand appear to indicate 
rapid and destructive deterioration at 125 °C shelf 
stress (as was discussed for the 7 units of manufacture 
B which failed under the power screening stress), 
such a conclusion is surely questionable in light of the 
fact that one out of four of the same manufacturer's 
units also failed while subjected to 25 °C shelf storage, 
which was part of an experiment control. 

Comparison of the screening summaries indicates 
superior results for the shelf-stress screen of figure 7. 
Such comparisons are usually difficult because of the 
several factors which should be considered. A better 
intuitive understanding may be reached for judging 
the effectiveness of the different screening tests by 
examining the summary in table 2. This table com- 
pares the relative number of "unsatisfactory" tran- 
sistors present before screening with the number 
present after screening. An indication of the cost of 
the improvement through screening is given in terms 
of the relative number of "unsatisfactory" units 
rejected correctly compared to the total number 
rejected. The latter ratio indicates the (fractional) 
number of units rejected correctly. 



Table 2. Summary of effectiveness of screening tests 





Screening test 
(125 °C) 


Relative number of "unsatisfactory" 
units present 


Rejected correctly 


Stress 


Limit 


Before screening 


After screening 


Total rejected 


Shelf 
Power 


1.6 
2.2 
1.6 

2.2 


-V59 or 6.8% 
2 /53 or 3.8% 


V55 or 1.8% 
Vse or 1.8% 
V37 or 2.7% 
V52 or 1.9% 


3 / 4 or 75% 
3 / 3 or 100% 

Vie or 6% 
Vi or 100% 



This summary shows that for shelf stress screening, 
the two screening limits (1.6 and 2.2) were almost 
equally effective. For the power stress screening, 
however, the results were very sensitive to the choice 
of limit. The 2.2 value was preferred by far because 
the 1.6 limit caused 15 "satisfactory" units to be re- 
jected in error. This is a relatively poor showing 
compared to the other three outcomes. 

The results of the shelf screening test, even though 
the screening stress (125 °C) is somewhat more severe 
than that used in the first experiment (100 °C), support 
the general findings of the earlier experiment. The 
fractional change in leakage current appears to pro- 
vide a useful measure of expected performance. 



9. Conclusion 



A study of the aging behavior of low-power ger- 
manium alloy switching transistors has revealed a 
relationship between small changes injunction leakage 
current, associated with a brief aging stress, and later 
deterioration in performance. Other parameters 
studied were ICES, ICER, ICEO, and 1 + hFB, which 
were measured, and the voltage sensitive component 
of the leakage current, the intrinsic leakage current, 
and hFE*, which were computed. With the possible 
exception of hFE*, none of these parameters appeared 
promising for stress-screening purposes. 

These findings apply to transistors which had been 
accepted for stringent military requirements and were 
considered "high reliability" units. They had con- 
formed to military acceptance specifications which 
had included a series of measurements on each device. 
It was not surprising, therefore, that the NBS 0-hr 
measurements proved to be of little value as a screen- 
ing criterion. Even the variable or noisy character 
of some of the 0-hr measurements offered little hope 
as an indicator of expected performance. Shifts or 
jumps in parameter values while lightly tapping the 
transistor case, however, proved to be quite useful. 
Six type 2N396 transistors having fractured wafers 
or other mechanical faults were clearly identified 
while making preliminary measurements using this 
procedure, and were not included in the aging study. 

The observed junction leakage current relationship 
to aging appears characteristic of several types and 
manufactures of germanium-alloy transistors. This 
relationship may provide the basis for a promising 
nondestructive screening procedure which would 
serve for the identification of germanium-alloy tran- 
sistors likely to deteriorate through excessive growth 
in junction leakage current. Since leakage current 
deterioration has continued to be one of the more 
common forms of degradation in transistor perform- 
ance, a screening procedure which is effective in 
guarding against such a fault would be of substantial 
value. 

The proposed screening procedure involves the de- 
termination of relatively small changes in junction 
leakage current, increases of the order of 15 percent 
or more, associated with 1,000 hr of aging at a shelf 
(bake) stress of 100 °C* Because the leakage current 
changes of interest are small, high demands are placed 
upon measurement repeatability. A number of fac- 
tors are important in maintaining the necessary long- 
term repeatability. There is need for operating pro- 
cedures which provide a record of proof of stable 
performance through a history of frequent calibra- 
tion and through a history of measurements on a group 
of "control" transistors. Also, the measurement 
procedure should treat each transistor alike. A 
stabilization or "soaking" period of a fixed duration 
(24 hr±2 hr) under measurement ambient conditions 
prior to measurement should be incorporated in the 
test procedure so as to minimize the transient recovery 
effects associated with the removal of the transistor 
from a high-temperature aging stress environment. 
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Relatively close ambient temperature control during 
measurement is essential. The very close control 
of ±0.01 °C of the NBS measurement facility, although 
proven to be a key feature in the aging studies, is 
unnecessarily stringent. Commercial equipment hav- 
ing control with ±0.1 or 0.2 °C is adequate for the 
leakage-current bake-stress screening described in 
this paper. 

The initial choice of value of fractional change in 
junction leakage current as the screening limit is 
necessarily somewhat arbitrary. There is evidence 
that even transistors bearing identical type numbers 
but of different manufacture might require different 
screening limits. Once an initial choice is made, 
however, an a posteriori aging test of all rejected units 
and sample groups of accepted units is recommended 
as an evaluation procedure for monitoring the screen- 
ing effectiveness and for improving the choice of 
screening limits. These procedures are now being 
followed at NBS in a further study of the proposed 
screening procedure as applied to much larger groups 
of transistors and to germanium transistors of dif- 
ferent construction. 



10. Appendix 

A total of 516 germanium low-power alloy-junction 
switching-type transistors (type 2N396), obtained 
from a single manufacturer, were aged under 13 dif- 
ferent combinations of ambient temperature, collector 
voltage, and collector current. The thirteen aging 
conditions are summarized in table 3, from which it 
may be seen that these conditions form an incomplete 
factorial experiment. Each condition is identified by 
a number in the lower left corner of each box. Each 
condition contained 40 transistors mounted on four 
plugs. 

Immediately prior to being subjected to its aging 
environment, each transistor was measured twice, a 
morning group of 10 parameter measurements being 
replicated in the afternoon of the same day. During 
the course of the experiment, the transistors were 
periodically removed from their aging environments 
and the 10 parameters were measured four times 
before the aging treatments were again applied. 
The measurement period began with removal of the 
transistors from the aging environment, after which 
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they were permitted to stabilize for 24 hr at 25 °C. 
During the morning of the second day of the measure- 
ment period, the 10 parameters were measured and a 
replicate set of measurements made during the after- 
noon. The transistors were then permitted to stabilize 
for an additional seven days, the a.m. and p.m. sets of 
measurements being repeated during the eighth day 
of the measurement period. A computer was used 
to compare the a.m. and p.m. replicate measurements 
and print out all which changed by more than 2 percent. 
This allowed all such measurements to be reviewed 
and, if necessary, repeated before returning the 
transistors to the aging environment. 

The first three measurement periods, 340, 1,000, and 
2,000 hr, were selected to correspond to those com- 
monly used in aging schedules and specifications. 
The remaining periods were selected to provide ap- 
proximately equal log-time intervals between the 
measurement periods. The intervals so determined 
are a fixed fraction of the elapsed time, and for this 



experiment, were roughly 40 percent of the elapsed 
time. This procedure gave the following total elapsed 
times at which the measurement periods fell: 3.4, 
4.7, 6.0, 8.7, 11, 14, and 20 khr. 

The d-c parameters measured, using automatic 
equipment, were as follows: IEBO and ICBO at 2 and 
10 V; ICES, ICER (R=10 kft), and ICEO at 10 V; 
normal and inverse 1 + hFB at 10 mA and 5 V. The 
tenth parameter, 1 + hfb, was measured using a 270- 
Hz small signal. From these measurements a num- 
ber of additional parameters were computed. The 
computed parameters provided estimates of: the 
voltage-sensitive components of the leakage currents, 
the intrinsic leakage currents, and (1 + hFB)* (the 
asterisk indicating that the leakage current was sub- 
tracted from the measurement of 1 + hFB) and, finally, 
hFE*. 
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